Mutations of the gene encoding Cu-Zn superoxide dismutase (SOD1) cause 20% of the familial cases of the progressive neurodegenerative disease ALS. A growing body of evidence suggests that in familial ALS (FALS) it is the molecular behavior of the metal-depleted SOD1 dimer that leads to a gain of toxic properties by misfolding, unfolding, and aggregation. Structural studies have so far provided static snapshots on the behavior of the wild-type enzyme and some of the FALS mutants. New approaches are required to map out the structural trajectories of the molecule. Here, using our 1.15-Å resolution structure of fully metallated human SOD1 and highly parallelized molecular dynamics code on a high-performance capability computer, we have undertaken molecular dynamics calculations to 4,000 ps to reveal the first stages of misfolding caused by metal deletion. Large spatial and temporal fluctuations of the ''electrostatic'' and ''Zn-binding'' loops adjacent to the metal-binding sites are observed in the apo-enzyme relative to the fully metallated dimer. These early misfolding events expose the ␤-barrels of the dimer to the external environment, allowing close interactions with adjacent molecules. Protection of the ␤-edge of the protein can be partially restored by incorporating a single Zn molecule per dimer. These calculations reveal an essential step in the formation of the experimentally observed self-aggregations of metal-depleted FALS mutant SOD1. This result also has implications for the role of demetallated wild-type SOD1 in sporadic cases of ALS, for which the molecular cause still remains undiscovered.
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amyotrophic lateral sclerosis ͉ motor neuron disease ͉ protein misfolding M ore than 100 point mutations of the human copper-zinc superoxide dismutase (SOD1) gene are associated with the familial form of ALS (1-3), a lethal neurodegenerative disease involving widespread loss of motor neurons, leading to paralysis and death. The current consensus is that toxicity probably arises from a gain of function, and there is growing evidence that oxidative damage, defective metal binding, destabilization, and aggregation of misfolded or partially unfolded mutant SOD1 are key factors in the pathogenic behavior (4, 5) . The thermodynamic and kinetic stability of SOD1, and its catalytic activity, depend on the state of metallation (6) (7) (8) (9) . Demetallated SOD1 dimers are destabilized and prone to monomerization upon reduction of the intrasubunit disulfide bridge (10) . Monomeric SOD1 formed under these conditions shows an aberrant increase in hydrophobicity (11) and a tendency to self-aggregation. Structures of SOD1 in different states of metallation in dimeric or monomeric forms have been the focus of several studies as demetallated species may be pathogenic (12) . Structural characterization using x-ray crystallography has shown that the mutations of SOD1 that impair the metal binding properties of the enzyme (S134N, H46R) can give rise to extended amyloid-like fibrils and pores, with abnormal molecular contacts between adjacent dimer molecules (13) . In these structures, the edges of ␤-strand S4 (called ␤-strand S6 in some references) and ␤-strand S5 of the SOD1 ␤-barrel become available for H-bonding with adjacent SOD1 molecules, producing extended filaments similar to edge-to-edge ␤ aggregates. The SOD1 ␤-barrel is normally protected against self-aggregation by having each end of the dimer covered by well ordered electrostatic and Zn-binding loops, consistent with the aggregationavoidance strategies of natural ␤-sheet proteins described earlier by Richardson and Richardson (14) . In the metal-binding site SOD1 mutants, the crystal structures show that this protection is removed because the loops become disordered through loss of metal. It is significant that loop disorder, deprotection of ␤-edges, and filament formation are also features of the metaldeficient wild-type SOD1 crystal structure (15) , suggesting a possible role for misfolding and aggregation of the wild-type enzyme in at least some of the sporadic ALS. Analysis of the folding behavior of the apo-SOD1 monomer (16) has suggested that sporadic ALS may arise through misfolding or aggregation of wild-type SOD1 when the protective caps, which include the electrostatic and zinc-binding loops, are destabilized. The crystal structures provide static pictures of demetallated SOD1 at the beginning or end stages of the misfolding and aggregation events, but shed no light on the dynamic or transient molecular processes involved. However, the impact of familial ALS (FALS) mutations on the dynamics of the fully metallated Cu(I) 2 Zn 2 SOD1 dimer has been investigated for the S134N (17) mutant by NMR. Compared with the NMR structure of the fully metallated wild-type enzyme (18) , S134N shows a much higher mobility of the electrostatic loop because of destabilization of the Hbonding network when Asn-134 replaces Ser-134. As a result of this structural disruption, Zn is no longer able to restrain the position of the loop close to the ␤-barrel. Furthermore, the flexible electrostatic loop of S134N is involved in abnormal intermolecular contacts in solution with other molecules. NMR has also shown that the metallation state has an important role in the mobility and partial unfolding properties of monomeric SOD1 (19) . The apo form of the monomeric mutant F50E/ G51E/E133Q has a more open ␤-barrel conformation than the holo-monomer, with extremely disordered and flexible electrostatic and Zn-binding loops (20) . Binding both Cu and Zn atoms restores the conformational integrity of the molecule. Zn alone is able to achieve a sizable reduction in the internal mobility and disorder of the molecule, and the Cu-depleted and holo forms of the monomer are similar (21) . A recent molecular dynamics (MD) study (22) comparing the metal-deficient forms of the thermostable wild-type C6A/C111S double mutant parent enzyme, the A4V thermostable mutant, and the H46R and G37R FALS mutants has identified disruption of long-range communication in the mutant enzymes, principally involving metalbinding loops and the monomer-monomer interface, as possible factors underlying aggregation of mutant enzymes. In this article we use atomistic MD to focus on the wild-type enzyme in its fully metallated, apo, and partially metallated (1Zn/dimer) forms. A highly accurate 1.15-Å crystal structure of the correctly metallated enzyme is used as the starting model for exploring the early stages of the misfolding/unfolding processes that precedes the longer-term aggregation of apo-wild-type SOD1, as seen in the crystal structure (15) . Note that our earlier crystal structure of apo-SOD1 was built without the active site loops (see Fig. 3c ), as these could not be seen in the electron density. For the MD calculations, the apo-enzyme was obtained by removing all of the metal atoms from the crystal structure, whereas in the partially metallated dimer one Zn atom per dimer was not removed.
Results and Discussion
Details of the MD calculations are provided in supporting information (SI) Text. The anisotropy of the initial crystal structure is also shown in SI Figs. 4 and 5. The main body of the ␤-barrel has a stable conformation during the simulations, with an rmsd from the initial structure of Ϸ1.2 Å, whereas the active site loops are highly mobile in the apo-enzyme. The overall structural picture presented by these calculations is summarized in Fig. 1 . Several snapshots of the SOD1 dimer during the three MD simulations, from the initial minimized crystal structure to 4 ns, are superimposed in Fig. 1 a-c ; the initial orientations of the electrostatic and Zn loops and their positions relative to the buried residue Asn-86 are shown in Fig. 1d . The MD simulations show that metal loss leads to a rapid destabilization of the wild-type SOD1 dimer that is localized at the region of the electrostatic and Zn-binding loops, whereas the dimer interface is unaffected. In the holo-enzyme (Fig. 1a) , while there is a limited ''breathing motion,'' the movement of the loops is restrained by the presence of the metal atoms, their intrinsic sizes and shapes are maintained throughout the simulation and the separation between the two loops changes by no more than 1 Å. These simulations are consistent with the NMR results for the reduced metallated dimer (23) , which showed a similar degree of flexibility for the loop regions. The extensive H-bonding that accounts for low mobility in the ␤-plug region of the NMR structure (residues 37-43 and 89-95) also remains intact in the MD simulations. While the ␤-plug connecting strands ␤4 and ␤5 is implicated in local destabilization of SOD1 in the FALS mutants (22, 24) , we find no evidence for a weakening of the native hydrogen-bonding structure in either holo-or apo-wildtype dimers. Instead, we have identified a residue close to the ␤-plug region (Asn-86) that is buried in the holo-enzyme but exposed in the apo-enzyme, allowing it to form non-native hydrogen-bonding interactions, similar to those observed in the experimental apo-enzyme crystal structure. This residue is on one of the ␤-strands with a predicted propensity to form intermolecular interactions (25) . In each of the MD models, the His-71-Thr-135 contact (Fig. 1d ) acts as a pivot about which the loops rotate, with the electrostatic loop in each model having a greater degree of freedom. In monomer A of the apo-enzyme (Fig. 1b) , after 4 ns, the separation of the two loops (Gly-72 to Gly-127 and Gly-73 to Leu-126) is increased by 10 Å; simultaneously, the Asn-86 to Leu-126 distance increases by 10 Å and the electrostatic loop is considerably elongated relative to its initial conformation. The corresponding Zn loop undergoes a more restricted movement about the hinge axis with the Asn-86 to Gly-73 separation having a maximum deviation of 4 Å from the initial state. The Zn loop also remains more compact than the electrostatic loop. Similar, but smaller, orientational changes occur at the loops of monomer B of the apo-enzyme; this nonequivalence signifies a degree of asymmetry in the dynamical behavior of the structurally symmetric apo-molecule and makes half of the apo-dimer more ''open'' than the other (also see Fig.  2 ). Asymmetric behavior is even more evident in the structurally asymmetric 1Zn dimer shown in Fig. 1c . The presence of the Zn atom in monomer B of the 1Zn dimer stabilizes the Zn loop, and as a result the Asn-86 to Gly-73 separation varies by only 1 Å over the simulation period, compared with 6 Å in the ''empty'' half of the molecule (i.e., monomer A). The maximum separation of the two loops in monomer A, between Gly-73 and Leu-126, increases by 6 Å over 4 ns; in monomer B during the same time, the equivalent distance increases by 11 Å and the movement of the electrostatic loop places Leu-126 10 Å further away from Asn-86 on ␤-strand S5. Thus, while the Zn loop is spatially restrained in the monomer containing Zn, the electrostatic loop remains flexible and undergoes larger movements than in the empty monomer. We note that the NMR structure reported for the apo-monomer (20) also showed significant mobility and disorder of the active-site loops and that binding of Zn constrains this mobility and stabilizes the structure.
The significance of these conformational changes lies in the impact they have on the protective properties of the loops against self-aggregation of SOD1 dimers. As a result of the spatial rearrangements of the loops in the apo-enzyme, ␤-strand S4 (residues 41-48) and ␤-strand S5 (residues 85-89) become more exposed (Fig. 2) and the molecule is then misfolded in a conformation that would allow it, over longer time scales, to combine with and form aggregates with adjacent SOD1 molecules or other localized cellular components. The apo-monomer of the 1Zn/dimer model (Figs. 1c and 2c ) exhibits a similar behavior, whereas in the Zn-containing monomer, the Zn atom provides stabilization of the Zn loop but does not impair movement of the electrostatic loop. These early misfolding events predicted by MD calculations are both consistent with the experimentally observed decrease in the stability of the wildtype apo-enzyme (8) and the structural data on apo-wild-type SOD1 (15) . In particular, by 4 ns, the opening up of the cleft formed by the ␤-barrel and the active site loops of the apomonomers (Fig. 2) exposes the Asn-86 residue on ␤-strand S5 to potential external contacts. This residue is concealed in the metallated wild-type protein and is not involved in external H-bonding, whereas in the apo-wild-type crystal structure (15), the Asn-86 is accessible to external interactions and participates in four strong H bonds, to residues Lys-128-Gly-130 of an adjacent SOD1 molecule. The formation of these bonds results in an extended filamentous structure made up of alternating metal-depleted and metal-loaded SOD1 dimers. We suggest that the experimentally determined apo-enzyme crystal structure represents a key stage in the formation of the end product of the misfolding events caused by metal loss. This is illustrated in Fig.  3 , which brings together the experimentally determined structures of the holo-and apo-SOD1 dimers, the fibrillar arrange- Fig. 2 . In the SOD1 monomers that lack metal, ␤-strands 4 and 5 become more exposed to the external environment because of movements of the loops. This is shown by surface contours of holo-(a), apo-(b), and 1Zn/dimer (c) SOD1 molecules, shown in stereo and viewed along the normal to the 2-fold dimer axis. These images were generated by using the MD trajectories at 4 ns, showing the electrostatic loop in blue, the Zn loop in red, and ␤-strands S4 and S5 highlighted in green. ␤-Strands S4 and S5 are concealed in the holo-enzyme by the closed conformation of the electrostatic and Zn-binding loops. In the apo-monomers of the apo-(b) and 1Zn/dimer (c) models, the loops adopt a more open conformation. The Asn-86 residue on ␤-strand S5 is clearly more exposed to the external environment. In the apo-wild-type SOD1 crystal structure (20) the Asn-86 residue interacts with the electrostatic loop of an adjacent SOD1 molecule, giving rise to an extended chain of dimer molecules in a configuration akin to the structure of amyloid-like fibrils. ment of the dimers in the apo-crystal structure, and the theoretical, early-stage misfolded intermediate apo-dimer predicted by the MD simulation.
The MD simulations thus establish the early stages of the misfolding process, initiated during the first several thousand picoseconds of metal loss, that lead toward self-aggregation of apo-and metal-depleted SOD1 molecules, raising the possibility that mismetallation of the wild-type enzyme in vivo may turn a key life-sustaining molecule into ''early-forming seeds'' with disease-causing aggregation properties. Mismetallation is a probable feature of the pathogenesis of the FALS mutants of SOD1, where a decreased affinity for metals compared with the wild-type enzyme and a propensity for metal loss in vitro have been recorded and linked to self-aggregation (26, 27) . The MD calculations suggest a likely route whereby aggregations of wild-type SOD1 may be involved in sporadic forms of ALS, as a result of ''partial'' metal loss (e.g., through oxidative damage) or failure to incorporate metals correctly.
Conclusions
The combination of an atomic-resolution crystal structure of the fully (and appropriately) metal-loaded human SOD1 and MD simulations have revealed the dynamic behavior of the SOD1 molecule at the atomistic level as a function of metal content. The results clearly illustrate the rapid loss of protection for the ␤-sheet structure arising from the absence of metals. Experimental structural evidence for this loss is provided by the apo-enzyme crystal structure (15) , where intact SOD1 dimers were found for a fraction of molecules where 1Zn per dimer was present. The MD simulations suggest that protection can be partially restored by incorporating a single Zn molecule per dimer. Interestingly, even when the Zn loop becomes stabilized with the incorporation of Zn, the electrostatic loop remains highly disordered. The MD simulations reveal a degree of asymmetry in the dynamical behavior of the structurally symmetric apo-homodimeric molecule and show that one half of the apo-dimer (monomer A) is more open than the other (monomer B). These MD structures provide a view of a ''fully'' apo-enzyme, whereas our previous experimental structure of the apo-enzyme had revealed partial occupancy of Zn. It would be beneficial to explore a similar approach of combining accurate structures with MD for investigating the early stages of misfolding/unfolding and loss of protection of the ''native'' structures of proteins involved in other neurodegenrative diseases where amyloid formation is observed.
Materials and Methods
Crystallization, Data Collection, Structure Solution, and Refinement.
Native human SOD1 enzyme (supplied by Sigma, St. Louis, MO) was reconstituted with copper to ensure that only Cu atoms occupied the Cu-binding site. Crystals (approximate dimensions 0.2 ϫ 0.2 ϫ 0.1 mm) were grown in 3 M ammonium sulfate precipitant with 100 mM NaCl in 100 mM sodium acetate buffer, pH 4.7, using the sitting drop vapor diffusion method.
Crystals were soaked for 10 s in a mixture of sorbitol and reservoir solution as cryo-protectant before data collection. Diffraction data were collected to 1.15-Å resolution at 100 K at the Synchrotron Radiation Source Daresbury Laboratory, on station 14.2 (wavelength 0.978 Å) using a Quantum 4 CCD detector (ADSC, Poway, CA). Identification of Cu or Zn in the Cu-binding site was made by anomalous x-ray diffraction measurements, and the oxidation state of Cu(I) in the crystals was confirmed by x-ray absorption edge data. Anomalous data were collected at 2.5-Å resolution using station 10.1, at wavelengths 1.33 and 1.2 Å. X-ray absorption Cu K-edge spectra of crystals were recorded on station 10.1 with a monolithic four-element Ge fluorescence detector by using Xpress electronics (28) . Processing of diffraction data was carried out with HKL2000 (29). The crystal structure was determined in space group P21 with one dimer in the asymmetric unit. Data collection and processing statistics are shown in SI Table 1 .
The structure was solved by molecular replacement using the MOLREP program (30) with a dimer from the human SOD1 wild-type structure at 1.78-Å resolution [Protein Data Bank ID code 1HL5 (15) ] as the search model. Maximum-likelihood refinement was carried out by using REFMAC5 (31) in the CCP4i interface (32) , with 4% of random reflections set aside to calculate the free R factor. Riding hydrogen atoms were included in the model. Water molecules were added by using the ARP/WARP program (33) , and the model was manually adjusted by using O (34) . Multiple conformations of side-chain and main-chain residues were accounted for in the last stages of refinement. The quality of the final model was checked with WHATCHECK and PROCHECK (35) .
The model refined to a final R/R free of 15.5/20.4% and consists of 2,402 protein atoms, 2 sulfate ions, and 568 water molecules (including 39 partial occupancy). The Cu-binding sites are occupied by copper atoms in the reduced state, with a fraction (10%) of oxidized copper atoms also present and clearly resolved in the elongated electron density. Zn atoms are found only at the Zn-binding site. The average main-chain and solvent B factors were 13.7 and 31.9 Å 2 , respectively. The Ramachandran plot shows 90.9% of residues in core regions and 9.1% in additional regions of allowed stereochemistry. Modeling and refinement parameters are given in SI Table 2 .
MD. All calculations were done on the HPCx system located at Daresbury Laboratory, currently no. 46 on the top 500 list of supercomputer sites (www.top500.org). The HPCx comprises 50 IBM POWER4ϩ Regatta nodes, i.e., 1,600 processors, delivering 10.8 TeraFlop/s peak, or up to at least 6 TeraFlops/s sustained (upgraded to 12 TeraFlops from 2006). The system is equipped with 1.6 TByte of memory and 36 TByte of disk space. Additional technical details are available at www.hpcx.ac.uk. For the current work, we were restricted to only 1% of the processing power of the machine.
Before MD calculations were performed, the refined protein structure was edited. Full occupancy of all protein atoms in the structure was restored, and the highest occupancy set of the alternate main-chain conformations was selected.
The DLPOLY program suite (36) was used to run the simulations. The starting structure, including the water of crystallization, was placed at the center of the simulation box of size 70 ϫ 70 ϫ 89 Å that contained equilibrated water molecules of bulk density of 1.0 g/cm 3 . All excess water molecules in the box with distances Ͻ2 Å from any atomic constituent of the protein molecules or from the water of crystallization were removed. Water of crystallization was kept because it is known that structural water can influence and even enhance protein flexibility (37) . This process gives a total of Ϸ45,000 atoms in the system. For the holo model, the initial system was equilibrated in the NVE ensemble for 160 ps. This length scale was chosen such that the configurational energy was found to fluctuate at a constant level. It was then switched to the NPT ensemble, using the Nose-Hoover formalism (38) . A low temperature of 150 K was set, and it was gradually increased to 300 K over 300 ps at 1 atmospheric pressure. A further 300-ps simulation was carried out for equilibration before the configurational structures were extracted every 0.2 ps for analysis over 4 ns.
The all-atom CHARMM22 (39) force field was used to describe the interatomic interactions, and water molecules were represented by using the TIP3P model (40) . Charges on metal ions were estimated from ab initio gas-phase cluster calculations at the Hartree-Fock level by using 6-31G * basis sets, and the geometries of the active sites were maintained by having the metals bonded covalently to the ligating amino acid residues.
The active-site structures were stable and clearly defined by the crystal structure. The usual MD two-body pairwise potential functions would not be sufficient to maintain this structure, and for this reason harmonic spring constraints were imposed on the metal ions to their surrounding ligating amino acid residues. A comparatively small spring constant (200 kcal/mol A 2 ) was used to ensure these constrains were not too rigorous. Additional three-and four-body bond and dihedral angle interactions were used to maintain the correct relative geometries of the active sites. The structural evolution of the SOD1 dimer was characterized by measuring the rms fit to the initial minimized crystal structure, changes of the radius of gyration of the molecule (size), and its asphericity (shape). These data are given in SI Text. 
